Background: Several E3 ligases regulate cytosolic ␤-catenin during Wnt-off phase. The fate of critical form active ␤-catenin in Wnt-on phase remains poorly defined. Results: Casitas B-lineage lymphoma (c-Cbl) ubiquitinates cytosolic ␤-catenin and translocates to the nucleus with Wnt induction to also ubiquitinate active nuclear ␤-catenin. Conclusion: c-Cbl is a unique E3 ligase targeting active nuclear ␤-catenin. Significance: This study uncovers a novel layer of Wnt regulation.
The Wnt/␤-catenin axis is a highly conserved signaling pathway, which is activated by Wnt ligand and plays key roles in several cellular functions. In the absence of Wnt ligand (Wntoff phase), ␤-catenin localizes in the cytosol at the core of the destruction complex consisting of adenomatous polyposis coli and axin and undergoes serine and threonine phosphorylation by glycogen synthase kinase-3␤ (GSK-3␤) at the N terminus that dictates its stability (1, 2) . Phosphorylated ␤-catenin is specifically recognized by the E3 ligase ␤-TrCP and Jade-1, which induce ␤-catenin ubiquitination and subsequent 26 S proteasomal degradation (3) (4) (5) . In response to Wnt ligand (Wnt-on phase), ␤-catenin in its hypophosphorylated form escapes degradation, undergoes nuclear translocation, and activates several Wnt target genes, including IL-8 and VEGF (active ␤-catenin). The current model supports the notion that ␤-catenin activity is regulated mainly by protein degradation primarily in cytosol during Wnt-off phase (1, 2) . Because ␤-catenin undergoes free nucleo-cytoplasmic shuttling, it is thought that E3 ligases that target the cytosolic ␤-catenin for degradation could indirectly reduce nuclear ␤-catenin levels and hence inhibit the Wnt nuclear activity in Wnt-off phase. The molecular regulation of nuclearly active ␤-catenin specifically during Wnt-on phase remains largely elusive.
Wnt signaling plays prominent roles in fundamental cellular functions, including cell fate, survival and motility, and angiogenesis (6 -8) . Targeted disruption of Wnt/frizzled genes such as Wnt2, -4, and -7b and Frizzled 5 leads to vascular defects (8) . The Frizzled 4 gene is linked to familial exudative vitreoretinopathy, a hereditary disorder characterized by peripheral retinal vascularization failure (9) , further underscoring the importance of Wnt signaling in angiogenesis-associated diseases. At the molecular level, Wnt signaling regulates angiogenesis through the transcriptional activity of nuclear ␤-catenin in endothelial cells (ECs) 3 by inducing expression of key pro-angiogenic factors, including VEGF-A and IL-8 (7, 10) .
c-Cbl is originally identified as a cytosolic RING finger domain ubiquitin E3 ligase that ubiquitinates various receptor tyrosine kinases (RTKs) and RTK substrates and regulates cell proliferation, survival, and movement (11) (12) (13) . Recently, c-Cbl has emerged as a negative regulator of angiogenesis (14 -19) with a poorly defined mechanism. Expression of c-Cbl in EC inhibits proliferation, tube formation, and sprouting, whereas c-Cbl-70Z, an E3 ligase-deficient variant of c-Cbl, or silencing c-Cbl enhances angiogenesis by increasing EC proliferation and sprouting (17) . c-Cbl activity also has been linked to pathological angiogenesis such as laser-and tumor-induced angiogenesis (17, 19) . Given the prominent importance of Wnt/␤-catenin signaling in angiogenesis and the emerging anti-angiogenesis function of c-Cbl, in this study we demonstrate that c-Cbl is distinctly involved in the regulation of Wnt signaling and angiogenesis. c-Cbl undergoes Wnt-induced nuclear translocation and serves as a specific ubiquitin E3 ligase for nuclearly active ␤-catenin highlighting the potential therapeutic value of targeting c-Cbl in angiogenesis-associated diseases such as cancer and ocular neovascularization.
EXPERIMENTAL PROCEDURES
Cell Culture, Transfections, and Chemical Treatment-The HEK293T cells were grown as described previously (5) . Human aortic endothelial cells and umbilical vein endothelial cells (HUVECs) (Promocell, Germany) pooled from three donors were grown in endothelial growth medium-2 (EGM-2) (Promocell, Germany). EGM-2 was prepared by supplementing endothelial basal medium (EBM-2) with fetal bovine serum (2%), hydrocortisone (1 g/ml), fibroblast growth factor-1 (10 ng/ml), epidermal growth factor (5 ng/ml), insulin-like growth factor (20 ng/ml), ascorbic acid (1 g/ml), and heparin (90 g/ml). Porcine aortic endothelial cells (PAECs) and ECs KO and Ki for c-Cbl were grown in DMEM ϩ 10% FBS and 5% penicillin and streptomycin. Lithium (Sigma) and BIO (Calbiochem) suspended in water and MG132 (Calbiochem) suspended in DMSO were used in cell culture medium. Thrombin 1 unit (New England Biolab) was used in PBS at 4°C for 3 h to cleave ␤-catenin from purified recombinant GST-tagged ␤-catenin.
Cultured cells plated overnight were transiently transfected using Lipofectamine 2000 (Invitrogen) per the manufacturer's instructions. Human recombinant Wnt3a and DKK1 (obtained from R&D Systems) dissolved in PBS ϩ 0.1% bovine serum albumin was obtained from R&D Systems.
Antibodies-Monoclonal ␤-catenin antibody, polyclonal ␤-catenin, and active ␤-catenin (recognizes active form of ␤-catenin, dephosphorylated on Ser-37 or Thr-41) were from BD Biosciences, Santa Cruz Biotechnology, and Upstate (Millipore), respectively. Polyclonal c-Cbl, monoclonal tubulin, fibrillarin, VE cadherin, HA tag, and Myc tag antibodies were purchased from Cell Signaling. FLAG tag antibody was from Stratagene. Monoclonal actin and ubiquitin antibody were obtained from Santa Cruz Biotechnology. Goat anti-mouse and anti-rabbit HRP-conjugated secondary antibodies were from Bio-Rad for immunofluorescence. Alexa 647 goat anti-mouse and Alexa 488 goat anti-rabbit used as secondary antibodies (Invitrogen).
Constructs-HA-tagged c-Cbl and c-Cbl-70Z, 70ZG306E, and silencing c-Cbl retroviral vectors have been described previously (14, 17) . All of the ␤-catenin constructs have been previously described (5) . Promoter-reporter constructs pBARLS and pfuBARLS were obtained from the Randal T. Moon laboratory (University of Washington, Seattle) (20) . pBAR (␤-catenin-activated reporters) contain 12 transcription factor 4 (TCF)-binding sites separated by distinct five-base linkers, which are directly upstream of a minimal TK promoter that then drives the expression of firefly luciferase. The pfuBAR reporter (found unresponsive ␤-catenin-activated reporter) has a two-base substitution in each TCF-binding site making it unresponsive to ␤-catenin. Reporters contain a separate PGK promoter that constitutively drives the expression of a puromycin resistance gene. FLAG-tagged c-Cbl WT, delUBA, and Dimer were generated using site-directed mutagenesis using the following primers sense and antisense: delUBA antisense: UBA region from 856 -909, GAGCTCGGATCCCTAAGGT-GAGGCGGTGGCAGCAGA; artificial dimerization motif, LLLLLLLLLQLISGSL (21); Dimer antisense, GAGCTCGG-ATCCCTAAAGGCTTCCGCTAATAAGTTGAAGAAGAA-GAAGAAGAAGAAGAAGAAGAGGTGAGGCGGTGGCA-GCAGA.
The PCR products digested by NotI and BamHI in pQCXIP retroviral vector and viral particles were generated in HEK293T cells as described below. The target cells transduced with viral particles were selected using puromycin.
Immunoblotting and Immunoprecipitation-Cells were lysed in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 30 mM EDTA, 0.5% Triton X-100 with complete protease inhibitor (Roche Applied Science). Immunoblotting and immunoprecipitation were performed as described previously (5) .
Immunofluorescence-Cells were grown in Chamber slides (Lab-Tek) and fixed and processed as described previously. Alexa 488 goat anti-rabbit and Alexa 647 goat anti-mouse were used as secondary antibodies. ImageJ was used to generate profile and scatter plots as described previously (5) .
Cellular Fractionation-Subcellular fractionation was performed using Dounce homogenization as described previously (5) .
Digitonin Extraction-Cells washed with ice-cold PBS were covered with buffer containing 120 mM KCl, 5 mM KH 2 PO 4 , 10 mM HEPES, pH 7.4, 2 mM EGTA, 0.15 mg/ml digitonin (Sigma) and gently rocked on ice for 15 min as described previously (5) .
Generation of Viral Particles-Retroviral constructs with HA-tagged c-Cbl or c-Cbl-70Z and c-Cbl silencing constructs were cotransfected in HEK293T packaging cells along with packaging, envelope, and reverse transcriptase vectors using Lipofectamine 2000 per the manufacturer's instructions. Medium containing active viral particles collected after 48 h was centrifuged and stored at Ϫ80°C. Lentiviral particles of TOP-and FOP-Flash were generated similarly by cotransfecting the lentiviral constructs with packaging, envelope, and reverse transcriptase vectors using Lipofectamine 2000 per the manufacturer's instructions. For viral transduction, the cells were seeded at 50 -60% confluence. The cells were treated overnight with the medium containing active viral particles along with hexadimethrine bromide (Sigma), a cationic polymer, to increase the efficiency of infection. Puromycin (Sigma) selection was initiated after 24 h. The cells were harvested after 4 days to examine the effect on protein levels. The retroviral system was employed to knock-in (KI) c-Cbl or c-Cbl-70Z in c-Cbl KO ECs.
GST-tagged Protein Purification-GST purification of pGEX-2T c-Cbl(1-358), c-Cbl(359 -909), and ␤-catenin constructs was performed as described previously (5) .
GST Pulldown Assay-c-Cbl(1-358) or -(359 -909) tethered to glutathione-Sepharose TM beads was incubated with cell lysates of HEK293T cells for 2 h at 4°C in 50 mM Tris-HCl, pH 7.6, 250 mM NaCl, 30 mM EDTA, 0.5% Triton X-100. Beads extensively washed with the same buffer containing 300 mM NaCl were boiled in Laemmli buffer (Boston Bioproducts).
Tcf/␤-Catenin-responsive Luciferase Reporter Assay-The cells seeded in 6-well plates stably expressing HA-tagged c-Cbl or c-Cbl-70Z were cotransduced with lentiviral particles of pBARLS or pfuBARLS. After 48 h of transfection, luciferase assays were performed using the Dual-Luciferase kit (Promega) and normalized using protein content determined by the Bradford assay (Bio-Rad).
In Vivo Ubiquitination Assay-The HEK293T cells were treated with 10 M proteasome inhibitor MG132 (Boston Biochem) for 8 h before harvesting in lysis buffer containing 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 30 mM EDTA, 0.5% Triton X-100 with complete protease inhibitor (Roche Applied Science). For immunoprecipitation, cell lysates were mixed with 1 g of ␤-catenin antibody overnight at 4°C and further processed as described previously (5) .
Ex Vivo Ubiquitination of ␤-Catenin Using HeLa Cell S100 Fraction-HeLa S100 conjugation kit (Boston Biochem) was used per the manufacturer's instructions. Briefly, 2.8 M GST-␤-catenin on glutathione-Sepharose TM beads was incubated with 200 g of HeLa S100 fraction (pretreated with 200 M MG132 and 100 M ubiquitin aldehyde for 15 min at RT), 750 nM c-Cbl(359 -909), 600 M Myc-tagged ubiquitin, and 5 l of energy-regenerating solution in 50 mM HEPES, pH 7.6, for 90 min at 37°C. ␤-Catenin ubiquitination has been described previously (5) .
In Vitro Ubiquitination Reaction-Ubiquitination reactions were reconstituted in 30 l with ubiquitination buffer (50 mM Tris-HCl, pH 7.5, 0.5 mM DTT) containing 225 nM E1-activating enzyme (Boston Biochem), 500 nM E2 conjugase, 600 M Myc-tagged ubiquitin (Boston Biochem), 1 mM MgCl 2 -ATP, and 2.8 M GST-␤-catenin on glutathione beads with IPed c-Cbl or c-Cbl-70Z and incubated at 37°C for 60 min.
ELISA-The media were harvested and concentrated using Amicon filters 3KD (Millipore) and subjected to ELISAs for IL-8 and VEGF (R&D Systems) per the manufacturer's instructions.
In Vitro Angiogenesis Tube Formation Assay-Early passage pooled HUVECs pretransduced with HA-tagged c-Cbl or c-Cbl-70Z, 70ZG306E were transiently transfected with control or ␤-catenin siRNA oligos (SMART-pool siRNA oligos, Dharmacon) using Dharmafect-1 per the manufacturer's instructions. The cells were then divided into two sets. In the first set, 15,000 HUVECs were seeded in 96-well plates precoated with 106 l of growth factor Matrigel (BD Biosciences) (10 mg/ml) and incubated at 37°C for 24 h. Tube formation was imaged using phase contrast microscopy, and tube lengths were analyzed using ImageJ software. The second set of cells was seeded for 24 h on a 6-well plate and harvested for protein expression.
Statistical Analysis-In all figures, data are expressed as average Ϯ S.E. Student's t test followed by Bonferroni's correction was conducted to determine statistical differences between groups. Values of p Ͻ 0.05 were considered significant.
RESULTS
c-Cbl Inhibits Wnt Activity in Endothelial Cells-To test the hypothesis that Wnt signaling is regulated by c-Cbl activity, we initially examined the ␤-catenin in porcine aortic endothelial cells stably expressing HA-tagged c-Cbl or c-Cbl-70Z, an E3 ligase-deficient mutant c-Cbl. Our observation showed that Wnt activity was significantly inhibited in porcine aortic endothelial cells stably expressing c-Cbl and increased in c-Cbl-70Z, an E3 ligase-deficient mutant (Fig. 1A) . The levels of ␤-catenin also reduced in c-Cbl and conversely increased in c-Cbl-70Z expressing ECs (Fig. 1A) , suggesting a possible link between c-Cbl activity and Wnt signaling. Because c-Cbl has an E3 ligase activity (11) (12) (13) and proteasome inhibition with MG132 abrogated c-Cbl-mediated ␤-catenin down-regulation (supplemental (Fig. 1B) . Similarly, porcine aortic endothelial cells overexpressing c-Cbl or c-Cbl-70Z reciprocally coimmunoprecipitated endogenous ␤-catenin (supplemental Fig. S1B ) in both phases of Wnt signaling.
c-Cbl Interacts with the Armadillo Repeat Domain of ␤-Catenin-Wnt activity regulates ␤-catenin interactions depending on the region of ␤-catenin to which each partner binds. Jade-1 and ␤-TrCP bind at the N terminus of ␤-catenin, a region where multiple serine and threonine residues are phosphorylated by GSK-3␤ upon Wnt induction creating a docking site for Jade-1 and ␤-TrCP (1, 2, 5) (Fig. 1C) . Because c-Cbl binding with ␤-catenin persists during both Wnt phases, we hypothesized that c-Cbl would bind at a region other than the N terminus and does not require phosphorylation of ␤-catenin. The data demonstrate that the armadillo (ARM) domain of ␤-catenin alone is sufficient for c-Cbl binding with ␤-catenin ( Fig. 1, D and E) . A naturally occurring N terminus oncogenic mutant ␤-catenin S33A lacking a GSK-3␤ phosphorylation site, which fails to bind ␤-TrCP and Jade-1 (1, 2,5,), also retained c-Cbl interaction (Fig. 1, D and E). ␤-Catenin crystal structure reveals that the ARM region is composed of 13 compactly organized repetitive units to form a tight hydrophobic domain suggesting that deletion of any of these ARM repeats could introduce a structural impairment in ␤-catenin protein making the entire region unstable (22, 23) . Therefore, further mapping of c-Cbl binding within the ARM region was not pursued. Taken together, c-Cbl, unlike ␤-TrCP and Jade-1, distinctly recog-nizes ␤-catenin through its ARM domain, and this interaction is independent of Wnt activity or phosphorylation of ␤-catenin.
␤-Catenin Interacts with C Terminus of c-Cbl, a Site Distinct from the Interacting Domain with RTKs-The
Src homology 2 domain of c-Cbl (also known as tyrosine kinase (TK domain)) is responsible for its recognition of RTKs (Fig. 1F ). To determine whether the Src homology 2/TK domain of c-Cbl is also involved in the recognition of ␤-catenin, we generated a panel of GST-tagged truncated c-Cbl constructs and tested for their potential to bind with ␤-catenin. The data showed that endogenous or GST-tagged ␤-catenin specifically and strongly interacts with the C terminus of c-Cbl encompassing 359 -909 amino acids, which lacks the Src homology 2/TK domain retaining its binding even in the presence of 250 mM sodium chloride wash buffer indicating strong interaction of both the proteins (Fig. 1G ). Purified recombinant GST-tagged ␤-catenin interacted with purified recombinant c-Cbl(359 -909), indicating a direct interaction between two proteins (Fig. 1H ). These data also indicate that c-Cbl employs a domain different from that used for its interaction with RTKs. Interestingly, although c-Cbl(309 -909) binds both to ␤-catenin (transcriptionally inactive) in Wnt-off and to transcriptionally active (active) ␤-catenin in the Wnt-on phase (Fig. 1G) , the binding of c-Cbl with the nuclearly active ␤-catenin in the Wnt-on phase was stronger compared with the Wnt-off phase (Fig. 1, B or ␤-TrCP, which exhibits predominant binding with cytosolic ␤-catenin in Wnt-off phase (3) (4) (5) .
Wnt-induced Nuclear Translocation of c-Cbl Depends on ␤-Catenin-c-Cbl is thought to be a cytosolic protein (11) (12) (13) , whereas ␤-catenin predominantly resides in the cytosol during Wnt-off and in the nucleus in the Wnt-on phase (1, 2). We hypothesized that c-Cbl/␤-catenin interaction during the Wnt-on phase would be feasible if c-Cbl translocates also in the nucleus, the same compartment as ␤-catenin upon Wnt activation. Our immunofluorescence microscopy analysis showed that indeed Wnt activation results in the nuclear translocation of c-Cbl, where it colocalized with the nuclear ␤-catenin ( Fig.  2A ). These data indicate that although c-Cbl interaction with ␤-catenin is a Wnt-independent event, c-Cbl nuclear localization distinctly is controlled by Wnt activation. Of note, ␤-catenin does not require c-Cbl for nuclear translocation, and in c-Cbl knock-out (KO) ECs, ␤-catenin still undergoes Wntinduced nuclear translocation (supplemental Fig. S2A ). In contrast, Wnt-induced nuclear translocation of c-Cbl was substantially abrogated, although not completely abolished, with ␤-catenin silencing ( c-Cbl Dimerization Regulates Binding to ␤-Catenin and c-Cbl Nuclear Translocation-c-Cbl exists as both monomers and dimers, and its dimerization regulates binding to different substrates (12, 24, 25) . Hence, we examined contribution of c-Cbl dimerization to ␤-catenin binding and Wnt-induced c-Cbl nuclear translocation. c-Cbl dimerizes through the C-terminal UBA domain ( Fig. 2C) (12, 24) . To perturb c-Cbl dimerization, we utilized c-Cbl constructs lacking the UBA domain (c-Cbl dUBA) or rescued dimerization with the addition of an artificial dimerization motif (c-Cbl dimer) ( Fig. 2C) (21) . In concurrence with others (26), we observed that wild-type c-Cbl exists in part as dimerized species at base line. Although deletion of the UBA domain abrogates c-Cbl dimerization, this is rescued by the artificial dimerization motif (Fig. 2D) . Wnt activation further increased its dimerization.
In addition to c-Cbl dimerization, we assayed c-Cbl/␤-catenin binding. In the Wnt-off phase, deletion of the UBA domain substantially abolished ␤-catenin binding, whereas c-Cbl with the artificial dimerization motif exhibited increased binding to ␤-catenin (Fig. 2E) . Wnt activation enhanced the binding of c-Cbl dimers with ␤-catenin (Fig. 2E) . We also tested the ability of c-Cbl dimerization mutants to translocate to the nucleus in response to Wnt induction. Interestingly, c-Cbl dUBA failed to undergo nuclear translocation, whereas c-Cbl Dimer retained its capacity (Fig. 2F) , suggesting that c-Cbl's ability to dimerize and bind to ␤-catenin regulates its Wntinduced nuclear translocation. All these data are consistent with the notion that c-Cbl exhibits base-line dimerization, which mediates binding to ␤-catenin in both phases of Wnt signaling and Wnt-induced c-Cbl nuclear translocation.
c-Cbl Down-regulates ␤-Catenin Independent of Wnt StatusBecause c-Cbl interacts with ␤-catenin independent of Wnt activity, this suggest that c-Cbl could regulate ␤-catenin during both phases of Wnt signaling. To this end, we analyzed the effect of c-Cbl in the down-regulation of ␤-catenin. c-Cbl down-regulated wild-type and the phosphorylation-resistant oncogenic S33A ␤-catenin (Fig. 3A) , and treatment with the proteasome inhibitor MG132 abrogated ␤-catenin downregulation (supplemental Fig. 3A) . Moreover, c-Cbl downregulated both the cytosolic and nuclear pools of endogenous ␤-catenin but not the membrane pool of ␤-catenin (supplemental Fig. 3B ). Silencing of c-Cbl by shRNA increased the endogenous ␤-catenin in four different cell (20) were analyzed for luciferase assay. Activity of the Wnt signaling pathway is quantified by measuring relative firefly luciferase units normalized to protein concentration. Mean results of three experiments are shown. Student's t test was applied to determine statistical significance, p ϭ 0.015 and 0.004 for c-Cbl and c-Cbl-70Z (70Z) compared with control. Error bars ϭ S.E. Inset, cell lysates of PAECs were probed using ␤-catenin, HA tag, and actin antibodies. Densitometry was performed to quantitate ␤-catenin normalized to actin using ImageJ. Representative immunoblot of three experiments is shown. B, endogenous c-Cbl/␤-catenin interaction is enhanced with Wnt activation, and c-Cbl binds stronger to nuclear ␤-catenin in the Wnt-on phase. Immunoprecipitations (IPs) were performed with 500 g of EC lysates from ECs pretreated with vehicle (Veh), Wnt3a (50 ng/ml), and Wnt3a with DKK1 (250 ng/ml) for 4 h using 1 g of either rabbit polyclonal c-Cbl or rabbit preimmune serum (Ctr). The co-IPed ␤-catenin was detected using monoclonal ␤-catenin antibody. ␤-Catenin was IPed as described above using monoclonal ␤-catenin antibody or isotype control (Ctr). The co-IPed c-Cbl was detected using polyclonal c-Cbl antibody. Ten percent of cell lysates are shown as input and normalized to actin (data not shown) using ImageJ. The co-IPed ␤-catenin and c-Cbl were normalized to the immunoglobulin. Representative immunoblot of three experiments is shown. C, schematic of ␤-catenin constructs. ␤-Catenin constructs have an N-terminal Myc tag and include ␤-catenin wild-type (WT), S33A naturally occurring point mutation (S33A), N-terminal deletion (delN), C-terminal deletion (delC), and deletions of both the C and N termini with only the ARM region (ARM). D, c-Cbl binds to ␤-catenin ARM. HEK293T cells stably expressing HA tag c-Cbl were transiently transfected with Myc tag ␤-catenin constructs, and digitonin-extracted cytosolic fractions (5) were used for IP using HA and Myc antibodies, and co-IPed Myc-␤-catenin or HA-c-Cbl was detected. Five percent of cell lysates are shown as input. Representative immunoblot from two experiments is shown. E, HA-tagged c-Cbl colocalizes with Myc-tagged ␤-catenin. HEK293T cells stably expressing HA-tagged c-Cbl and transiently expressing Myc-tagged ␤-catenin constructs were fixed and stained with polyclonal HA tag and monoclonal Myc tag antibodies. The scatter plots for colocalization were generated using the ImageJ program (National Institutes of Health) in cells having comparable signal levels for both constructs (5). Scatter plot points along the x or y axes represent absence of colocalization, whereas scatter plot points along a diagonal represent evidence of colocalization. lines by 2-4-fold (Fig. 3B) and re-expression of c-Cbl rescued the ␤-catenin regulation (supplemental Fig. 3C ). c-Cbl KO ECs revealed increased levels of endogenous ␤-catenin in both the cytosol and in the nuclear compartments compared with c-Cbl knock-in (KI-c) ECs during both the phases of Wnt signaling (Fig. 3C) . c-Cbl-70Z (Ki-7), although it binds to ␤-catenin ( Fig. 2A) , was unable to down-regulate ␤-catenin. c-Cbl-70Z rather up-regulated endogenous 
-on and Wnt-off phase. B, ␤-catenin is required for the nuclear translocation of c-Cbl. ECs silenced using control (Csi) or ␤-catenin siRNA oligos (␤si) were serum-starved and stimulated by Wnt3a (50 ng/ml) for 3 h. The cytosol and nuclear fractions were probed for ␤-catenin and c-Cbl. Tubulin and fibrillarin served as markers for the cytosol and nuclear fractions, respectively, and loading controls. Representative immunoblot from two experiments is shown. C, schematic representation of various c-Cbl constructs. FLAG-tagged c-Cbl constructs were generated lacking UBA domain (dUBA) or with an artificial dimerization motif (Dim) mutant. D, c-Cbl dimerizes through UBA domain, and Wnt enhances c-Cbl dimerization. EC stably coexpressing HA-tagged c-Cbl wild-type with FLAG-tagged c-Cbl wild-type or delUBA (dU) or c-Cbl with artificial dimerization motif (Dim) were serum-starved, stimulated with Wnt3a (50 ng/ml), fractionated followed by immunoprecipitation using FLAG, and immunoblotted using HA antibody. Five percent of lysates are shown as inputs. Representative immunoblot of two experiments is shown. E, binding to ␤-catenin depends on c-Cbl dimerization. Lysates of ECs stably expressing FLAG c-Cbl constructs were serum-starved, stimulated with Wnt3a, fractionated followed by immunoprecipitation using FLAG, and immunoblotted using ␤-catenin. Five percent of lysates are used as inputs. Representative immunoblot of two experiments is shown. F, c-Cbl dimerization mediates c-Cbl nuclear translocation. ECs stably expressing FLAG-tagged c-Cbl or dUBA or Dimer constructs were stimulated with Wnt and were fixed for immunofluorescence using FLAG tag monoclonal antibody and DAPI for nuclear staining. Microscopy and statistical analysis were performed, as described above. Images are representative of 150 randomly analyzed subconfluent ECs. p ϭ 0.13 for delUBA and p ϭ 0.02 for Dimer for number of ECs with nuclear c-Cbl in Wnt-on and Wnt-off phase. WB, Western blot.
␤-catenin, thus serving as a dominant negative. We used lithium and BIO, a specific GSK-3␤ inhibitor, which stabilize ␤-catenin from Jade-1-or ␤-TrCP-mediated degradation ( 1, 2, 5). Yet c-Cbl was able to down-regulate stabilized species of ␤-catenin (Fig. 3D) indicating that c-Cbl regulates ␤-catenin independent of Wnt activity and GSK-3␤ activity.
Furthermore, dimerization mutant c-Cbl (dUBA) failed to down-regulate ␤-catenin (Fig. 3E) , whereas the c-Cbl mutant bearing an artificial dimerization motif down-regulated ␤-catenin in both Wnt phases (Fig. 3E) . Collectively, these data indicate that ␤-catenin down-regulation is dictated by c-Cbl's ability to dimerize and depends on its E3 ligase activity. Representative immunoblot from three experiments is shown. C, increased ␤-catenin levels in c-Cbl knock out (KO) ECs. Lysates from ECs from c-Cbl KO or with knock-in (Ki) with HA-tagged c-Cbl (Ki-c) or c-Cbl-70Z (Ki-7) and pretreated with vehicle (veh) or Wnt3a 100 ng/ml were fractionated and immunoblotted using ␤-catenin, HA, and actin antibodies. Representative immunoblot from three experiments is shown. D, c-Cbl regulates ␤-catenin stabilized by inhibition of GSK-3␤. ECs stably expressing control (Ctr) or FLAG-c-Cbl were serum-starved and treated with vehicle (Veh) or lithium (10 mM) and BIO (100 nM) for 12 h. Whole cell lysates were probed for ␤-catenin, FLAG, and actin antibodies. ␤-Catenin bands were normalized to actin using ImageJ. Representative immunoblot from two experiments is shown. E, c-Cbl dimerization-dependent regulation of ␤-catenin. ECs stably expressing FLAG-tagged c-Cbl constructs were serum-starved and stimulated with Wnt3a (50 ng/ml) followed by subcellular fractionation. The lysates were probed for ␤-catenin. Tubulin and fibrillarin served as markers of cytosolic and nuclear fractions and as loading controls, respectively. Representative immunoblot from two experiments is shown. F, c-Cbl destabilizes endogenous ␤-catenin in both the phases of Wnt signaling. Lysates from c-Cbl KO or KI ECs serum-starved for 16 h and pretreated with Wnt3a (100 ng/ml) for 3 h and 20 M emetine were fractionated at different time intervals and immunoblotted for endogenous ␤-catenin. Tubulin and fibrillarin served as cytosolic and nuclear markers, respectively, and loading controls. Densitometric values are normalized loading controls. Representative immunoblot of three experiments is shown. G, percent ␤-catenin remaining was analyzed by densitometry after normalizing to tubulin and fibrillarin, respectively. Graph shows mean result of three experiments. Error bars, S.E. WB, Western blot.
c-Cbl Destabilizes ␤-Catenin during Both Phases of Wnt
Signaling-c-Cbl ubiquitinates its substrates for proteasomal degradation (11) (12) (13) . Both c-Cbl silencing and expression of c-Cbl-70Z in ECs increased the half-life of the cytosolic ␤-catenin extracted with digitonin-containing lysis buffer (5) by 3.25-fold (supplemental Fig. 3, D-F) , indicating that the c-Cbl destabilized ␤-catenin and that its ubiquitin E3 ligase activity is required for destabilization of ␤-catenin.
Compared with c-Cbl KO ECs, c-Cbl KI shortened the half-life of cytosolic ␤-catenin by 40% in the Wnt-off phase and the nuclear ␤-catenin half-life by 70% in the Wnt-on phase (Fig. 3, F and G) . c-Cbl expression significantly shortened the half-life of both the cytosolic and nuclear ␤-catenin (supplemental Fig. 3, G and H) .
These data indicate that similar to the Wnt-off phase, the nuclear ␤-catenin also undergoes degradation in the Wnt-on phase. Furthermore, the data demonstrate that c-Cbl exerts higher destabilizing activity on nuclear ␤-catenin in the Wnt-on phase, which is in contrast to Jade-1 and ␤-TrCP, which destabilize cytosolic ␤-catenin in the Wnt-off phase (3, 5, 27) .
c-Cbl Ubiquitinates Nuclearly Active ␤-Catenin-The cytosolic ␤-catenin undergoes ubiquitination followed by 26 S proteasome-mediated degradation during the Wnt-off phase (28) . Because c-Cbl is an E3 ligase and destabilizes ␤-catenin, we examined c-Cbl-dependent ubiquitination of ␤-catenin. In both an in vitro ubiquitination assay and ex vivo HeLa S100 fraction, c-Cbl ubiquitinates GST-tagged ␤-catenin (Fig. 4, A and B) . We examined ␤-catenin ubiquitination by c-Cbl in denaturing conditions to minimize the contribution of the ubiquitination signal by other potential interactors (Fig. 4C) . ECs stably expressing c-Cbl, but not 70Z, enhanced ␤-catenin ubiquitination ( Fig. 4C and supplemental Fig. 4, A and B) . Silencing c-Cbl by shRNA increased the endogenous ␤-catenin in four different cell lines by 2-4-fold (Fig. 3B ) and re-expression of c-Cbl rescued the ␤-catenin regulation (supplemental Fig. 3C ). c-Cbl-70Z that binds and fails to ubiquitinate ␤-catenin inhibited c-Cbl-mediated ␤-catenin ubiquitination, thus serving as a dominant negative (supplemental Fig. 4D ). Given that c-Cbl destabilizes nuclear ␤-catenin, we specifically examined ubiquitination of nuclear ␤-catenin in the Wnt-on phase. The data revealed that c-Cbl expression increased (Fig.  4D ) and c-Cbl silencing reduced the ubiquitination of endogenous ␤-catenin during Wnt-off and also of the nuclear ␤-catenin in the Wnt-on phase (Fig. 4E) . In line with the binding ability, c-Cbl could also ubiquitinate ␤-catenin S33A (Fig.  4F) . The dimerization-impaired mutant c-Cbl (dUBA) failed, whereas c-Cbl Dimer retained the capacity to ubiquitinate ␤-catenin in both phases of Wnt signaling (supplemental Fig.  4E ), in line with the inability to bind ␤-catenin and undergo nuclear translocation in response to Wnt signaling. These data indicate that c-Cbl is a unique E3 ligase for the cytosolic and nuclear ␤-catenin in both phases of Wnt signaling.
c-Cbl Is a Unique E3 Ligase for ␤-Catenin in Wnt-on Phase-␤-TrCP and Jade-1 specifically bind and regulate the phosphorylated ␤-catenin in the Wnt-off phase (3, 5, 27) . Because ␤-TrCP also modulates angiogenesis (15) (16) (17) (18) (19) , we directly compared c-Cbl with ␤-TrCP in regulating ␤-catenin during different phases of Wnt signaling. In the Wnt-off phase, both ␤-TrCP and c-Cbl bind to ␤-catenin. However, in the Wnt-on phase ␤-TrCP-␤-catenin complex binding decreased despite an increase in the expression of endogenous ␤-TrCP, whereas c-Cbl/␤-catenin binding persisted and increased in the Wnt-on phase (Fig. 4G) . Because expression of c-Cbl reduced ␤-TrCP interaction with ␤-catenin, these findings may also suggest that c-Cbl influences ␤-TrCP-␤-catenin binding. In the same vein, ␤-TrCP lacking the F box E3 ligase domain serving as a dominant negative stabilized ␤-catenin in Wnt-off phase, but much less in the Wnt-on phase (Fig. 4H) . In contrast, c-Cbl-mediated down-regulation and c-Cbl-70Z-mediated up-regulation of ␤-catenin persisted during both phases of Wnt signaling and also in the presence of dominant negative ␤-TrCP. These data indicate that like ␤-TrCP, c-Cbl down-regulates ␤-catenin in Wnt-off phase, but unlike ␤-TrCP, c-Cbl continues to bind and down-regulate the active ␤-catenin in the Wnt-on phase. These data indicate that c-Cbl is a unique E3 ligase for ␤-catenin in Wnt-on phase.
c-Cbl Regulates Wnt Target Genes and Mediates Angiogenesis through Wnt Signaling-To determine the biological significance of the ␤-catenin/c-Cbl interaction, we evaluated TCF/␤-catenin-mediated transcription. c-Cbl KO ECs exhibited significantly higher spontaneous Wnt activity compared with c-Cbl KI cells (Fig. 5A) . Similarly, c-Cbl-silenced ECs had significantly higher Wnt activity that could be rescued by c-Cbl but not 70Z expression (supplemental Fig. 5 ). Pro-angiogenic mediators such as IL-8 and VEGF are known Wnt targets, whose promoters contain ␤-catenin response elements (10, 29) . ECs expressing c-Cbl reduced and c-Cbl-70Z increased amounts of IL-8 and VEGF levels (Fig. 5, B and C) .
c-Cbl regulates angiogenesis through multiple mediators such as RTKs. Specific contribution of Wnt signaling in c-Cblregulated angiogenesis was examined using ␤-catenin silencing and c-Cbl-70ZG306E, a specific mutant unable to bind and regulate some of the angiogenic mediators ZAP70/Syk, PDGF receptor ␣, and EGF receptor (30) . ␤-Catenin silencing significantly reduced IL-8 and VEGF secretion (Fig. 5, B and C) and FIGURE 4 . c-Cbl ubiquitinates ␤-catenin in both the phases of Wnt signaling. A, in vitro ubiquitination of ␤-catenin by c-Cbl. Ubiquitination reaction mixture was reconstituted in vitro using GST or GST-␤-catenin and IPed FLAG-c-Cbl or c-Cbl-70Z from ECs along with 225 nM E1-activating enzyme, 500 nM E2 conjugase, 600 M Myc-ubiquitin, 1 mM MgCl 2 -ATP and incubated at 37°C for 60 min. Reactions without E1, E2, c-Cbl or ubiquitin served as negative control. ␤-Catenin cleaved from GST beads using thrombin and then eluent were immunoblotted using Myc antibody. The blot was stripped and reprobed using ␤-catenin and FLAG antibodies. Representative immunoblot of two experiments is shown. B, ex vivo ubiquitination of purified ␤-catenin using the HeLa cell cytosolic S100 fraction. Purified recombinant GST-␤-catenin on glutathione-Sepharose TM beads was incubated with HeLa cell S100 fraction (pretreated with ubiquitin aldehyde and MG132), Myc-tagged human recombinant ubiquitin (Ub), recombinant GST-tagged c-Cbl(359 -909), and energy regeneration solution. Eluent was resolved with SDS-polyacrylamide gel. The nitrocellulose membrane was stained with Ponceau stain for c-Cbl input and immunoblotted using monoclonal ubiquitin and reprobed using ␤-catenin antibodies. Lanes designated as -ERS or -UB were reactions without energy-regenerating solution (ERS) or ubiquitin only, respectively. Representative immunoblot was from two experiments. C, c-Cbl, but not 70Z enhances ␤-catenin ubiquitination. HEK293T cells cotransfected with HA-Ub and Myc empty vector or c-Cbl or 70Z were treated with 10 M of MG132 for 16 h. The cells were then lysed in RIPA buffer and immunoprecipitated with HA antibody and immunoblotted using ␤-catenin antibody. Five percent of cell lysates were probed as input. Representative image of two experiments is shown. D, c-Cbl ubiquitinates cytosolic ␤-catenin in Wnt-off phase and nuclear ␤-catenin in Wnt-on phase. Human aortic endothelial cells stably expressing control (Ctr), HA-tagged c-Cbl (cbl), or c-Cbl-70Z pretreated with MG132 at 10 M for 12 h were subjected to subcellular fractionation and IP as above. The membrane was stripped and reprobed with ␤-catenin antibody. ␣-Tubulin and fibrillarin served as markers of cytosolic and nuclear fractions, respectively. Representative immunoblot from two experiments is shown. E, c-Cbl silencing reduces ␤-catenin ubiquitination in both the phases of Wnt signaling. 500 g of cytosolic or nuclear lysates of ECs cells transduced with control (pSup) or c-Cbl silencing (sil) and serum-starved and treated with vehicle or Wnt3a were processed as above. Because both ␤-catenin and c-Cbl are predominantly located in the cytosol in Wnt-off and in the nucleus in Wnt-on phase ( Fig. 2A) , the respective fractions are shown. The blot was stripped and reprobed for ␤-catenin. Ten percent of cell lysates were probed for endogenous c-Cbl. Representative immunoblot from three experiments is shown. F, c-Cbl ubiquitinates naturally occurring oncogenic mutant ␤-catenin S33A. Lysates of HEK293T cells stably expressing HA-tagged c-Cbl and transiently transfected with Myc-tagged ␤-catenin and treated with MG132 at 10 M for 12 h were subjected to IP using 0.5 g of Myc antibody. The eluents were probed with ubiquitin antibody and reprobed with Myc antibody. Representative immunoblot of two experiments. G, both c-Cbl and ␤-TrCP bind ␤-catenin in Wnt-off, whereas only c-Cbl binds to ␤-catenin in Wnt-on phase. HEK293T cells stably expressing HA c-Cbl (c) or c-Cbl-70Z (7) and transiently coexpressing Myc-␤-TrCP were serum-starved for 16 h, treated with vehicle or Wnt3a (50 ng/ml) for 3 h, and IPed using ␤-catenin antibody and immunoblotted with HA and Myc antibodies. The co-IPed c-Cbl and ␤-TrCP were normalized to immunoglobulin. Five percent of lysates are shown as inputs. Representative immunoblot of three experiments is shown. H, ␤-TrCP regulates ␤-catenin in Wnt-off, whereas c-Cbl regulates ␤-catenin in both the phases of Wnt signaling. HEK293T cells stably expressing HA c-Cbl (c) or c-Cbl-70Z (7) and transiently coexpressing Myc-dominant negative ␤-TrCP (DN) were serum-starved for 16 h and treated with vehicle or Wnt3a (50 ng/ml) for 3 h and fractionated and probed with endogenous ␤-catenin; tubulin and fibrillarin served as cytosolic and nuclear markers, respectively, and as loading controls. Representative immunoblot of three experiments is shown.
the tube formation in ECs expressing c-Cbl or c-Cbl-70Z (Fig.  5D) . Mutation of G306E in c-Cbl-70Z abrogated up-regulation of PDGFR␣ but retained up-regulation of ␤-catenin and angiogenesis (Fig. 5E ). Both these approaches indicate that c-Cbl regulates angiogenesis through Wnt signaling.
Consistent with the c-Cbl binding pattern with ␤-catenin, deletion of UBA abrogated c-Cbl's inhibitory activity on IL-8 and VEGF levels and tube formation with Wnt induction (Fig.  5, F and G) . These observations indicate that Wnt signaling is a critical mediator of c-Cbl-induced angiogenesis and that c-Cbl's regulation of Wnt target genes and angiogenesis corresponds to its ability to bind to ␤-catenin and undergo Wntmediated nuclear translocation to regulate active nuclear ␤-catenin.
DISCUSSION
Wnt stimulation regulates various cellular functions mainly through the transcriptional coactivator activity of nuclear ␤-catenin that induces different Wnt target genes. Rigorous control of ␤-catenin-mediated transcription is necessary to prevent relentless activation of Wnt target genes, thus underscoring a critical need for regulating transcriptionally active nuclear ␤-catenin during the Wnt-on phase (1, 2, 31 ). Ubiquitination and proteasomal degradation by a small set of E3 ligases c-Cbl Targets Active ␤-Catenin 23514 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 32 • AUGUST 9, 2013 constitute the cornerstone of ␤-catenin regulation. However, all of the known ubiquitin E3 ligases of ␤-catenin, including Jade-1 and ␤-TrCP, degrade ␤-catenin predominantly in the cytosol in Wnt-off phase or in specific cell types (Ozz in developing myocytes) or in response to unique stimulus (Siah1 with DNA damage pathway) (32, 33, 34) . Even though both Jade-1 and ␤-TrCP are present in the nucleus, their interaction and regulation of active ␤-catenin in Wnt-on is substantially abrogated (5, 35) . Thus, the regulation of active ␤-catenin remains unclear, despite its critical importance in Wnt signaling.
This study describes ubiquitin-proteasomal degradation of nuclear ␤-catenin through c-Cbl as a unique E3 ligase of active ␤-catenin in the Wnt-on phase. Two aspects bestow c-Cbl with this ability as follows: the domain of interaction on ␤-catenin, and the nuclear translocation of c-Cbl. The armadillo repeat region of ␤-catenin has not been shown to be modified by the Wnt status, thus allowing Wnt-independent binding to c-Cbl. Wnt-induced nuclear translocation of c-Cbl ensures continual interaction and ubiquitination of nuclear ␤-catenin in the Wnt-on phase.
Both c-Cbl-mediated ␤-catenin regulation and Wnt-induced nuclear translocation of c-Cbl require direct c-Cbl/␤-catenin interaction. These data suggest that c-Cbl dimerization is a critical requirement for binding and regulating ␤-catenin, because deletion of the UBA domain abrogates while artificial dimerization motif recapitulates binding in both the phases of Wnt signaling, Wnt-induced c-Cbl nuclear translocation and ubiquitination of nuclear ␤-catenin in Wnt-on phase (Figs. 2, D and E, and 3E). Wnt-enhanced c-Cbl dimerization is intriguing. It is plausible that Wnt activation through yet an undefined signal results in a conformational change to enhance c-Cbl dimers. Thus, Wnt induction shifts the c-Cbl pool to predominantly dimers, which may impart a stoichiometric advantage to either bind to more numbers of ␤-catenin molecules or accelerates c-Cbl-␤-catenin binding kinetics to keep up with the rapidly expanding pool of active ␤-catenin during Wnt-on phase. That c-Cbl binding with ␤-catenin is critical for its Wnt-induced nuclear translocation (Fig. 2, E and F) raises an interesting possibility that c-Cbl may cotranslocate with ␤-catenin into the nucleus. This is especially plausible as c-Cbl has no putative nuclear localizing signal and is likely to take advantage of ␤-catenin nucleo-cytoplasmic shuttling. Furthermore, Wnt induction up-regulates c-Cbl (Figs. 1B and 2D) , which may also contribute to ␤-catenin regulation in Wnt-on phase. Although more work is needed to further understand the above findings, it remains novel in Wnt signaling that an E3 ligase translocates into the same compartment as ␤-catenin to continue exerting its regulation on ␤-catenin.
Both Wnt signaling and c-Cbl play roles in physiological and pathological angiogenesis (6, 8) . Loss-and gain-of-function mutation studies of various Wnt signaling components upstream of ␤-catenin have shown effects in physiological angiogenesis as evident by defects of vascular organization, length, and branching patterns of intersomitic vessels (36) . Similarly, genetic evidence from both the c-Cbl KO animal (15) (16) (17) (18) (19) and ECs obtained from these animals strongly supports the critical role of c-Cbl in angiogenesis. Wnt signaling is critical in hypoxic or oxidative stress-induced angiogenesis, too (37, 38) . c-Cbl regulates VEGF-, tumor-, and laser-induced choroidal angiogenesis (17, 19) . Although we examined the c-Cbl/␤-catenin relationship in physiological angiogenesis, it raises a tantalizing possibility that Wnt signaling may be a crucial mediator of c-Cbl-regulated proliferative retinal vascular diseases or tumor-induced angiogenesis. c-Cbl regulates angiogenesis by other substrates, including RTKs (15) (16) (17) (18) . In in vitro angiogenesis models, using overexpression and silencing ␤-catenin with siRNA oligos exhibit significant suppression of c-Cbl-70Z mediated up-regulation of IL-8 and VEGF and angiogenesis (Fig. 5, B-D) . The mutation of G306E in c-Cbl, which abrogates binding with other angiogenic mediators such as EGF receptor, PDGF, etc., continued to upregulate ␤-catenin and angiogenesis (Fig. 5E) . The fact that c-Cbl directly interacts with ␤-catenin through a domain distinct from that of the RTK binding domain (Fig. 1, G and H) indicates that c-Cbl directly and independently regulates angiogenesis through Wnt/␤-catenin signaling. Overall, these approaches indicate that Wnt signaling is a crucial mediator of c-Cbl-regulated angiogenesis.
The above findings along with the present understanding of Wnt signaling can be explained based on the following model (Fig. 6) . Wnt signaling is a critical mediator of angiogenesis and stimulates angiogenesis with Wnt induction in ECs. The transcriptional activity of nuclear ␤-catenin (by up-regulating proangiogenic Wnt target genes such as IL-8 and VEGF) mediates the bulk of this function (6 -8) . In the Wnt-off phase, angiogenesis is suppressed by down-regulation of cytosolic ␤-catenin by E3 ligases interacting via multiple regions such as the N terminus by ␤-TrCP in GSK-3␤-dependent and ARM by c-Cbl in a GSK-3␤-independent manner. Dimerized species of c-Cbl mediates ␤-catenin binding and its regulation. Wnt stimulation allows accumulation of hypophosphorylated ␤-catenin. Stabilized ␤-catenin "escapes" into the nucleus to activate transcription of Wnt target genes (active ␤-catenin). ␤-TrCP interaction with active ␤-catenin reduces in this phase of Wnt signaling. In parallel, Wnt activation increases c-Cbl dimerization, binding with ␤-catenin, and induces c-Cbl nuclear translocation. c-Cbl "chases" and destabilizes the active ␤-catenin in the nucleus, suppresses pro-angiogenic IL-8 and VEGF Wnt targets, and inhibits angiogenesis induced by Wnt signaling. Thus, c-Cbl is a unique E3 ligase targeting active ␤-catenin in the nucleus, a species of ␤-catenin that remains immune to degradation by known E3 ligases. Thus, these data uncover a novel layer of Wnt regulation.
These observations ask a fundamental question about the role of c-Cbl in ␤-catenin ubiquitination in both the compartments under physiological conditions. In the Wnt-off phase, c-Cbl, in addition to other E3 ligases, ensures effective degradation of phosphorylated cytosolic ␤-catenin to maintain the Wnt inactive status. As c-Cbl degrades hypophosphorylated cytosolic species of ␤-catenin, it too may facilitate controlled increase in ␤-catenin during the Wnt-on phase. Because with Wnt induction, c-Cbl translocates to the nucleus to degrade active nuclear ␤-catenin, it may also ensure "switching-off" of ␤-catenin-mediated transcription. Thus, c-Cbl may serve as a dynamic "break" to exert controlled physiological angiogenesis. It is also plausible that reduced c-Cbl activity may contribute to pathological angiogenesis. Under pathological conditions driven by hyperactive Wnt signaling due to stabilized ␤-catenin, c-Cbl may represent a new layer of regulation, whose loss of function results in excess angiogenesis or cancer induction or progression. This model also illustrates a critical paradigm that cells employ multiple "guards" for a potent oncoprotein such as ␤-catenin in every compartment and with different Wnt activity status.
c-Cbl as an E3 ligase for nuclear ␤-catenin regulating Wnt signaling may have implications beyond angiogenesis in areas such as tumor cell growth. A tumor suppressor function of c-Cbl for example is linked to its ubiquitin ligase activity in hematopoietic cells resulting in a myeloproliferative disorder (39, 40) . Although this study establishes relationship of c-Cbl and Wnt signaling in ECs, it is conceivable that the c-Cbl also down-regulates Wnt signaling in other cell types, including hematopoietic cells or colonic epithelial cells. Thus, inhibition of Wnt signaling may be an important mechanism of c-Cbl tumor suppressor function. Further investigation of c-Cbl in hyperactive Wnt status and Wnt signaling in the diseases linked to defective E3 ligase activity of c-Cbl will provide a deeper understanding into the c-Cbl/␤-catenin relationship.
